Background-Little is known about the distribution of gap junctions and ion channels in the atrioventricular node, even though the physiology and pathology of the atrioventricular node is ultimately dependent on them. Methods and Results-The abundance of 30 transcripts for markers, gap junctions, ion channels, and Ca 2ϩ -handling proteins in different regions of the rabbit atrioventricular node (nodal extension and proximal and distal penetrating bundle of His as well as atrial and ventricular muscle) was measured using a novel quantitative polymerase chain reaction technique and in situ hybridization. The expression profile of the nodal extension (slow pathway into penetrating bundle) was similar to that of the sinoatrial node. For example, in the nodal extension, in contrast to the atrial muscle and as expected for a slowly conducting tissue with pacemaker activity, there was no or reduced expression of Cx43, Na v 1.5, Ca v 1.2, K v 1.4, KChIP2, and RYR3 and high expression of Ca v 1.3 and HCN4. The expression profile of the penetrating bundle was less specialized. In situ hybridization revealed a transitional zone with reduced expression of Cx43, Na v 1.5, and KChIP2 that may form the fast pathway into the penetrating bundle. Conclusions-At the atrioventricular node, the expression of gap junctions and ion channels in the nodal extension (slow pathway) and a transitional zone (putative fast pathway) as well as the penetrating bundle (output pathway) is specialized and heterogeneous and roughly matches the electrophysiology of the different regions. (Circ Arrhythmia Electrophysiol. 2009;2:305-315.)
T he function of the atrioventricular node (AVN), located in the triangle of Koch (formed by coronary sinus, tendon of Todaro and tricuspid valve; Figure 1A) is to transmit the action potential from the atria to the ventricles after a suitable delay. The AVN is also a subsidiary pacemaker. Both structurally and functionally, the AVN is complex. The penetrating bundle of His, extending from the compact node (small group of compactly organized nodal myocytes) to the left and right bundle-branches, transmits the action potential through the central fibrous body into the ventricles ( Figure 1A) . The compact node-penetrating bundle has dual inputs from the atrial muscle, the slow and fast pathways ( Figure 1A) . The slow pathway, extending from the coronary sinus to the compact node, corresponds to an inferior (or posterior) extension of nodal tissue ( Figure 1A ). 1 The fast pathway, extending from the direction of the interatrial septum to the compact node, is thought to correspond to transitional myocytes in the triangle of Koch. 2 There are large differences in the conduction velocity of the action potential in different parts of the AV conduction axis; whereas the conduction velocity of the atrial muscle is high (80Ϯ29 cm/s), 3 the conduction velocity of the slow pathway is low (2 to 10 cm/s). 4 Consistent with this, electric coupling within the center of the AVN is likely to be poor. 5 There are also large differences in the action potential in different parts of the AV conduction axis; although Billette 6 has described 6 myocyte types (classified according to action potential configuration), the presence of 3 types (N, AN, and NH) is well established. 7 Nodal (N) myocytes are assumed to be present in the compact node. 2 N myocytes have a characteristic Ca 2ϩ -dependent action potential 8 with a low upstroke velocity (maximum upstroke velocity Ϸ18 V/s 6 ) and a relatively positive resting potential (ϷϪ64 mV 6 ). The slow upstroke together with the poor electric coupling can explain the slow conduction through the AVN, essential for the delay between atrial and ventricular systole. Atrio-nodal (AN) myocytes are transitional cells making up the fast pathway and nodo-His (NH) myocytes are transitional cells within the penetrating bundle; AN and NH myocytes can have a faster action potential and a more negative resting potential (intermediate between that of N and atrial myocytes 6,7,9 -11 ). The differences in the action potential in the different regions of the AV conduction axis are likely to be the result of differences in ionic currents. 9, 11, 12 For example, Munk et al 9 (see also Ren et al 11 ) have shown that the majority of putative N myocytes do not have a Na ϩ current (I Na ) but do have the hyperpolarization-activated current (I f ); this explains why N myocytes have a slow action potential and exhibit pacemaking. In contrast, Munk et al 9 (see also Ren et al 11 ) have shown that the majority of putative AN myocytes have I Na but not I f . The regional differences in electric coupling, the action potential, and ionic currents along the AV conduction axis are likely to be the result of regional differences in the expression of gap junctions and ion channels. The aim of this study was to describe the distribution of gap junction and ion channel transcripts in the different regions of the AVN. The work was carried out on the rabbit because of the plethora of functional data collected from rabbit AVN.
Methods
Methods are described in brief here (see the online-only Data Supplement for a full description). AVN preparations were dissected from male New Zealand White rabbits (weight, 1.5 to 2.5 kg) for both quantitative polymerase chain reaction (qPCR) and in situ hybridization. For qPCR, total RNA was isolated from (1) atrial muscle, (2) nodal extension, (3) compact node and proximal penetrating bundle, (4) distal penetrating bundle and bundle-branches, and (5) ventricular muscle ( Figure 1A ) from 8 rabbits. The techniques used ensured that there was little contamination (Ϸ3% to 5%) of the nodal tissues by working myocardium (Data Supplement). The total RNA was reverse-transcribed to produce cDNA, and qPCR was then performed for 30 transcripts. To compare the abundance of a selected transcript in different tissues, we used a double standardization method. These data are shown in the figures, in which the transcript abundance is expressed as a percentage of the mean value in the atrial muscle. To compare the abundance of different cDNAs, we used a single standardization method; from this, tentative conclusions can be made about the abundance of different mRNAs (see Data Supplement); these data are discussed in the text. In situ hybridization was carried out for 11 selected transcripts using cryosections from 3 rabbits; digoxigenin-labeled cRNA probes were used. MeanϮSEM values are shown in the figure. Statistical analysis of mRNA abundance in different tissues (as measured by qPCR) was carried out on complete data sets only (for 6 or 7 rabbits, depending on transcript). Significant differences were identified by ANOVA (for normally distributed data) or ANOVA on ranks (for non-normally distributed data), followed by the Student-Newman-Keuls test. A difference was considered significant if PϽ0.05. The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results

Marker Proteins, Connexins, and Ca 2؉ -Handling Proteins
To test the efficacy of the tissue sampling for qPCR, the relative abundance of transcripts for marker proteins was measured. In the rabbit, middle (160/165 kDa) neurofilament is known to be expressed by the tissues of the cardiac conduction system only, whereas atrial natriuretic peptide (ANP) is known to be expressed by the atrial muscle only; neurofilament and ANP are, therefore, markers of nodal and atrial tissue, respectively. 13 As expected, neurofilament mRNA was found at negligible levels in the atrial and ventricular muscle, but it was abundantly expressed in the nodal tissues ( Figure 1B ). In contrast, ANP mRNA was abundantly expressed in the atrial muscle but not in the other tissues ( Figure 1C ). This distribution of neurofilament (data not shown) and ANP (supplemental Figure S1 ) mRNA was confirmed by in situ hybridization. This confirms that the sampling of tissue for qPCR was accurate (see the Data Supplement for further discussion of this issue).
Connexins are responsible for gap junctions and therefore, electric coupling. Three connexin isoforms were investigated. Connexin43 (Cx43) mRNA, responsible for large conductance (60 to 100 pS) gap junction channels, was abundant in the atrial muscle ( Figure 1D ). It was least abundant in the nodal extension, more abundant in the proximal penetrating bundle, and highly abundant in the distal penetrating bundle and ventricular muscle ( Figure 1D ). This pattern was confirmed by in situ hybridization; as an example, Figure 2A ,B shows that whereas Cx43 mRNA was abundant in the atrial and ventricular muscle at the AV junction, it was much less abundant in the compact node (red circled area in Figure 2A ). 
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At low magnification, the labeling of Cx43 mRNA in the working myocardium was in the form of dark spots (eg, at red arrow in Figure 2A ). At high magnification, the labeling of Cx43 mRNA in the working myocardium could be seen to be in the form of rings ( Figure 2B ). This has been the case for all mRNAs coding for membrane resident proteins we have analyzed so far using in situ hybridization. The dark purple stain formed in in situ hybridization shows significant fluorescence, 14 and Figure 2C shows a confocal micrograph of 2 rings (blue; in this case, transcript was Na v 1.5). As shown in Figure 2D , the rings (blue; in this case, transcript was HCN4) are located around nuclei (red; stained with propidium iodide). These rings most likely correspond to the rough endoplasmic reticulum in which the mRNA is translated. Figure 2 (A and B) also shows that Cx43 mRNA was absent from a tract of tissue above the compact node. In the Discussion, we speculate that this may form the fast pathway. In contrast to Cx43 mRNA, the mRNAs for connexin40 (Cx40; data not shown) and connexin45 (Cx45; Figure 1E ), responsible for large (200 pS) and small (20 to 40 pS) conductance gap junction channels, respectively, were equally abundant in all regions investigated. AVN myocytes have an intracellular Ca 2ϩ transient, 15 and there is evidence that intracellular Ca 2ϩ may be important in pacemaking in the AVN 16 (as it is in sinoatrial node 17 ). Four Ca 2ϩ -handling proteins were investigated: The ryanodine receptor is the sarcoplasmic reticulum Ca 2ϩ release channel. In the PCR, cDNA fragments corresponding to 2 ryanodine receptor isoforms, RYR2 and RYR3, were detected. RYR2 cDNA was more abundant than RYR3 cDNA (in the nodal extension, the ratio of RYR2:RYR3 cDNAs was Ϸ700:1); this suggests that RYR2 mRNA is much more abundant than RYR3 mRNA. Both RYR2 and RYR3 mRNAs were significantly less abundant in the nodal extension than in the atrial and/or ventricular muscle ( Figure 1 , F and G). SERCA2A is the sarcoplasmic reticulum Ca 2ϩ pump, and its mRNA was significantly less abundant in the penetrating bundle than in the atrial and ventricular muscle ( Figure 1H ). mRNA for the Na ϩ -Ca 2ϩ exchanger, NCX1, was equally abundant in all regions investigated (data not shown).
Na ؉ , Ca 2؉ , and HCN Channels
The cardiac Na ϩ channel, Na v 1.5, is responsible for I Na and therefore the rapid action potential upstroke in the atrial and ventricular muscle. Na v 1.5 mRNA, as inferred from qPCR, was abundant in the atrial muscle, and tended to be less abundant in the nodal extension ( Figure 3B ). Interestingly, Na v 1.5 mRNA abundance was higher (than in nodal extension) in the penetrating bundle and higher again in the ventricular muscle ( Figure 3B ). The pattern of expression of Na v 1.5 was confirmed by in situ hybridization: The examples in Figure 4 show that whereas Na v 1.5 mRNA was abundant in the atrial and ventricular muscle and penetrating bundle, it was absent from the nodal extension. In the tissue above the nodal extension (transitional zone/putative fast pathway), there was also reduced expression of Na v 1.5 mRNA ( Figure  4A and 4C).
As well as the cardiac Na ϩ channel isoform (Na v 1.5), cardiac myocytes can express neuronal Na ϩ channel iso-forms, for example, Na v 1.1. 18, 19 The PCR yielded a ratio Na v 1.5:Na v 1.1 cDNAs of 7:1 in the nodal extension; this suggests that there is a significant amount of Na v 1.1 mRNA in the nodal tissues (comparable to the level of Na v 1.5 mRNA). Na v 1.1 mRNA was measurable in the atrial and ventricular muscle, but it was significantly more abundant in the nodal extension ( Figure 3A ). Na v 1.1 protein has been detected in the AVN. 20 L-type Ca 2ϩ channels are known to be responsible for the upstroke of the action potential in N myocytes at the AVN (because I Na is absent). 8, 9 Two L-type Ca 2ϩ channel isoforms were investigated, Ca v 1.2 and Ca v 1.3. In the atrial and ventricular muscle, Ca v 1.2 is known to be the dominant cardiac isoform. Figure 5A and 5B show the abundance of Ca v 1.2 mRNA as determined by in situ hybridization in a section at the level of the distal penetrating bundle. As expected, Ca v 1.2 mRNA was abundant in the atrial and ventricular muscle. However, Ca v 1.2 mRNA was largely absent from the myocytes of the distal penetrating bundle ( Figure 5A and 5B); Ca v 1.2 mRNA was also absent from the nodal extension and compact node (supplemental Figure S2 ). qPCR showed Ca v 1.3 mRNA to be present in the atrial and ventricular muscle but more abundant in the nodal tissues ( Figure 3C ). This was confirmed by in situ hybridization: Figure 5C and 5D show that Ca v 1.3 mRNA was not expressed (or little expressed) in the atrial and ventricular muscle but was abundant in the distal penetrating bundle; it was also abundant in the nodal extension and compact node (supplemental Figure S2) . The PCR yielded a ratio of Ca v 1.3:Ca v 1.2 cDNAs of 4:1 in the nodal extension. It is concluded that from the working myocardium to the nodal tissue of the AV junction there is an isoform switch from Ca v 1.2 to Ca v 1.3.
HCN channels are responsible for the hyperpolarization-activated current, I f (current known to be involved in pacemaking); 2 HCN isoforms, HCN1 and HCN4, were investigated. HCN4 is the principal HCN isoform in the heart. qPCR indicated that, as expected, HCN4 mRNA was poorly abundant in the atrial and ventricular muscle ( Figure 3E ). Interestingly, HCN4 mRNA was highly abundant in the nodal extension but poorly abundant in the other nodal tissues ( Figure 3E) ; this was confirmed by in situ hybridization (data not shown). This is consistent with functional data (see Discussion). Interestingly, the pattern of expression of HCN1 mRNA was different: As compared with the ventricular muscle, at least, HCN1 mRNA was significantly more abundant in all the nodal tissues ( Figure 3D) . The PCR yielded a ratio of HCN4:HCN1 cDNAs of 3:1 in the nodal extension; this suggests that their mRNAs probably occur in roughly similar amounts.
K ؉ Channels
In the rabbit, 60% of putative N myocytes do not possess the transient outward K ϩ current, I to , 9 and although Ͼ90% of putative AN cells do possess I to , the current is smaller than in atrial cells. 9 K v 1.4, K v 4.2, K v 4.3, and KChIP2 are all involved with the transient outward K ϩ current (I to ) in the heart: K v 1.4, K v 4.2, and K v 4.3 are pore-forming ␣-subunits responsible for I to . KChIP2 is a ␤-subunit responsible for trafficking K v 4 subunits to the membrane and thus increasing the density of I to . 21 As measured by qPCR, K v 1.4 mRNA was significantly less abundant in the nodal extension than in the atrial muscle ( Figure 6A ). In contrast, K v 4.2 mRNA tended to be more abundant in the nodal tissues (t test showed that it was significantly more abundant in nodal tissues than in working myocardium; Figure 6B ). K v 4.3 mRNA was equally abundant in all regions investigated (data not shown). In the nodal extension, the ratio of K v 1.4:K v 4.2:K v 4.3 cDNAs was 3:2:1; this suggests that their mRNAs probably occur in roughly similar amounts. There was a distinct decrease in the abundance of KChIP2 mRNA from the atrial and ventricular muscle to the nodal tissues ( Figure 6C ). In situ hybridization revealed a more complex pattern of KChIP2 mRNA expression: Figure 7 shows that KChIP2 mRNA was absent from the compact node, consistent with Figure 6C (it was also absent from nodal extension and distal penetrating bundle; data not shown). Figure 7 shows that KChIP2 mRNA was abundant in part of the atrial muscle (again consistent with Figure 6C ); however, it shows that KChIP2 mRNA was absent from a tract of tissue above the compact node (transitional zone/fast pathway). Intriguingly, Figure 7 also shows that KChIP2 mRNA was only abundant in part of the ventricular muscle: the ventricular muscle facing the right ventricle (not ventricular muscle facing left ventricle); why this should be the case is not known.
It is known that the rapid delayed rectifier K ϩ current, I K,r (for which ERG is responsible), plays an important role in repolarization at the rabbit AVN, 22, 23 whereas the slow delayed rectifier K ϩ current, I K,s (for which K v LQT1 and minK are responsible), does not. 23, 24 Consistent with this, ERG cDNA was more abundant than K v LQT1 and minK cDNAs. However, K v 1.5 cDNA (responsible for ultrarapid delayed rectifier K ϩ current, I K,ur ) was even more abundant. In the nodal extension, the ratio of K v 1.5:ERG:K v LQT1:minK cDNAs was Ϸ70:20:1:1. The expression of K v 1.5, ERG, K v -LQT1, and minK mRNAs did not vary among the tissues investigated (eg, Figure 6D ). K ir 2.1 and K ir 2.2 are, in part, responsible for the background inward rectifier K ϩ current, I K,1 . K ir 2.1 mRNA was abundant in the ventricular muscle but low in all other tissues ( Figure 6E) ; this was confirmed by in situ hybridization (data not shown). K ir 2.2 mRNA was equally abundant in all tissues investigated. The PCR yielded a ratio of K ir 2.1:K ir 2.2 cDNAs of Ϸ70:1; K ir 2.1 mRNA is therefore likely to be more abundant than K ir 2.2 mRNA. K ir 6.2 is the ␣-subunit and SUR2A is the ␤-subunit for the ATP-sensitive K ϩ channel in the heart. Both K ir 6.2 and SUR2A mRNAs were significantly less abundant in the nodal extension and proximal penetrating bundle than in the atrial or ventricular muscle ( Figure 6F and 6G ).
Summary
From 9 different regions of the rabbit AVN, Billette 6 has made action potential recordings and classified them into 6 types: N-type, 3 AN-types (AN, ANCO, and ANL), NH-type, and H-type (His-type). In Figure 8A , we have plotted (as color contour maps) the frequency of occurrence of each action potential type in the different regions of the triangle of Koch, and in Figure 8B , as a summary, we superimposed the regions in which the 6 action potential types occur most frequently. As expected, AN-type action potentials (dark gray) were most frequent toward the atrial muscle (top of Figure 8B ). Again, ANCO-type action potentials (middle gray) were most frequent toward the atrial muscle (top of Figure 8B) , and, interestingly, ANL-type action potentials (light gray) were most frequent in a region in which N-type action potentials were also frequent (perhaps compact node). N-type action potentials (red) were most frequent in the nodal extension and perhaps in the compact node (bottom left of Figure 8B ). NH-type action potentials (green) were most frequent in a region perhaps corresponding to the lower nodal tract in the proximal penetrating bundle (bottom middle of Figure 8B ). As expected, H-type action potentials (yellow) were most frequent in the distal penetrating bundle (bottom right of Figure 8B ). As a summary, for the transitional zone, nodal extension, compact node-proximal penetrating bundle, and distal penetrating bundle-bundle branches, in Figure 8B we have listed the transcripts that are increased or decreased (as compared with atrial muscle) as determined by qPCR or in situ hybridization; as explained in the Discussion, the altered levels of these transcripts can perhaps explain the characteristic action potentials in the different regions.
Discussion
In this study, a unique picture of ion channel expression at the AV junction of the rabbit has been obtained. This can tentatively be compared with the well-known electrophysiology of the rabbit AVN.
Nodal Extension/Slow Pathway
Whereas AN and NH myocytes are transitional, N myocytes are nodal. N myocytes have a small amplitude action potential with a slow upstroke. 6, 9, 11 During diastole, the membrane is relatively depolarized and there is a pacemaker potential; N myocytes show pacemaker activity. 6, 9 Consistent with this, N myocytes generally lack I Na and I K,1 but possess I f . 9, 11, 23 N myocytes are thought to be located in the region of the compact node 2 (not specifically targeted in present study), but we suggest that they are also located in the nodal extension. This is consistent with the high frequency of N-type action potentials between the coronary sinus and tricuspid valve in the work of Billette, 6 as shown in the summary in Figure 8B (red; bottom left) . Furthermore, in a later study by Billette, 1 N-type action potentials with an upstroke velocity of only 6 to 12 V/s were specifically recorded from the nodal extension in the rabbit. 1 Finally, the possibility that N myocytes are located in the nodal extension is consistent with the pattern of ion channel expression in the nodal extension as explained below.
The lack of expression of Cx43 mRNA in the nodal extension ( Figure 1D) is consistent with the previously reported lack of Cx43 protein expression in the nodal extension. 25 There is little or no expression of Na v 1.5 mRNA in the nodal extension ( Figures 3B and 4) , and this can explain the lack of I Na and slow upstroke in N myocytes. 9, 11 The lack of both Cx43 and Na v 1.5 mRNAs in the nodal extension can explain the slow conduction velocity of the nodal extension (see Introduction). 
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The lack of K v 1.4 and KChIP2 mRNAs in the nodal extension ( Figure 6 ) explains the absence of I to in the majority of N myocytes in the rabbit. 9 The repriming kinetics of K v 1.4 (ie, speed of recovery of K v 1.4 from inactivation) are markedly slower than those of K v 4 channels. 26 In rabbit atrial muscle, repriming of I to is slow (time constants, 1.4/6.7 s), consistent with a dominant role of K v 1.4. 27 In the rabbit sinoatrial node, as compared with the atrial muscle, there is a decline in K v 1.4 mRNA (similar to that in nodal extension; Figure 6A ), as well as an increase in K v 4.2 mRNA (more marked than in nodal extension; Figure 6B ) and decline in KChIP2 mRNA (less marked than in nodal extension; Figure 6C ), 13 and, in the rabbit sinoatrial node, repriming of I to is fast (time constant, 45 ms), consistent with a dominant role for K v 4.2. 27 Perhaps consistent with the similar pattern of changes in the transcripts in the nodal extension, 56% of I to in the rabbit AVN reprimes slowly (time constant, 2.7 s), whereas 44% reprimes rapidly (time constant, 196 ms), 28 consistent with a role for both K v 1.4 and K v 4 channels in I to in the rabbit AVN. The lack of K ir 2.1 mRNA in the nodal extension ( Figure  6E ) can explain the lack of I K,1 23 and depolarization of the membrane during diastole in N myocytes, and the expression of HCN4 (and HCN1) mRNA ( Figure 3D and 3E) explains the presence of I f in the majority of N myocytes. 9 Together, the lack of K ir 2.1 and expression of HCNs explains why the N myocytes show pacemaking and the leading pacemaker site at the AV junction in the rabbit is in the nodal extension. 25 We have previously reported HCN4 protein to be present in the nodal extension of the rabbit. 25 We also observed HCN4 protein in the compact node 25 (in present study, expression of HCN4 in compact node was not explicitly investigated) and, therefore, the compact node is also expected to show pacemaking. In the nodal extension, expression of Ca v 1.2 mRNA was reduced and Ca v 1.3 mRNA was expressed instead ( Figure 3C ). In the absence of Na v 1.5, the action potential upstroke and pacemaker activity is dependent on the L-type Ca 2ϩ current, and Ca v 1.3, because of its more negative activation threshold, 29 is more appropriate for these functions. 30 Knockout of Ca v 1.3 in mice disturbs AV conduction. 31 In the absence of I K,1 , action potential repolarization and the development of the maximum diastolic potential is dependent on delayed rectifier K ϩ currents. In rabbit AVN myocytes, I K,r but not I K,s is reported to be present. 23, 24 Consistent with this, whereas ERG cDNA was abundant in the nodal extension (as abundant as in other regions studied, including working myocardium; Figure 6D ), K v LQT1 cDNA was 13 times less abundant.
Of the tissues at the AV junction, the ion channel expression profile of the nodal extension (high expression of Na v 1.1, Ca v 1.3 and HCN1/4, and low expression of Cx43, Na v 1.5, Ca v 1.2, K v 1.4, KChIP2, K ir 6.2 and SUR2A mRNAs) is most like that of the sinoatrial node. 13 In the sinoatrial node of the rabbit, mRNA for the Ca 2ϩ -handling protein, RYR2, is less abundant but RYR3 mRNA is more abundant than in the surrounding atrial muscle. 13 In the nodal extension, both RYR2 and RYR3 mRNAs were less abundant (Figure 1 ). In the embryo, the AVN and sinoatrial node are formed of primary myocardium, whereas the developing chambers are formed of working myocardium. 32 Tbx3 is a transcriptional repressor expressed in the primary but not working myocardium. 32 Its absence in the working myocardium allows the expression of the working myocardium gene expression program, but its expression in the primary myocardium allows the retention of the primary myocardium gene expression program. 32, 33 Ectopic expression of Tbx3 in atrial muscle converts the atrial muscle into a nodal-like tissue: Consistent with the expression profile of the rabbit AVN, Tbx3 causes a downregulation of ANP, Cx43, RYR2, SERCA2A, Na v 1.5, K ir 6.2, and SUR2A and an upregulation of HCN1/4. 32, 33 
Transitional Zone/Fast Pathway
The fast pathway is known to be made up of transitional AN cells. In the present study, in situ hybridization showed that within the right atrium, next to the bundle of nodal tissue (neurofilament-expressing), a region with a different ion channel expression profile (compared with that of ordinary atrial muscle) was observed. We tentatively suggest that this region corresponds to the fast pathway. In the region in which altered ion channel expression was observed, in a previous study we observed transitional myocytes: The myocytes were small and diffusely arranged (and therefore nodal-like) but were neurofilament-negative (and therefore atrial-like). 34 In the present study, in this region, the tissue did not express neurofilament or HCN4 mRNA (data not shown), but like the nodal tissue, it only weakly expressed Cx43, Na v 1.5, and KChIP2 mRNAs (Figures 2, 4A, and 7) . This is consistent with the properties of the AN region and AN myocytes. 9 The absence of HCN4 mRNA suggests that the tissue will not show robust pacemaking and the weak expression of KChIP2 mRNA suggests that the density of I to is low. The weak expression of Cx43 and Na v 1.5 mRNAs suggests that electric coupling will be weak and the action potential upstroke slow, and therefore conduction will be paradoxically slow in the fast pathway. However, the transitional zone is in close contact with the atrial muscle (eg, Figure 4A ), and the electrotonic influence of the atrial muscle is expected to moderate the changes resulting from the specializations in ion channel expression in this region. Furthermore, it is not known that the conduction velocity of the fast pathway is fast; it is only known that conduction through the fast pathway is quick and this could result from this pathway being short (slow pathway is longer 34 ).
The transitional zone also did not express ANP unlike the ordinary atrial muscle (supplemental Figure S1) . The shape of the transitional zone as revealed by the absence of Cx43, Na v 1.5, KChIP2, and ANP mRNAs (Figures 2, 4A, 7 , and S1) was variable; one possible explanation of this is that different transcripts are distributed in subtly different ways.
Penetrating Bundle/Output Pathway
The penetrating bundle forms the output pathway at the AV junction. It is presumed to be made up of transitional NH myocytes (proximally) and His myocytes (more distally). In the present study, the expression pattern of the proximal and distal penetrating bundle was transitional: The 2 regions had more Cx43 and Na v 1.5 mRNA and less HCN4 mRNA than 
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Ion Channels in the Atrioventricular Node the nodal extension. Curiously, the penetrating bundle (both proximal and distal parts) had the same level of Ca v 1.3 and HCN1 mRNAs as the nodal extension, despite that it had more Na v 1.5 mRNA (and presumably, therefore, it does not have characteristic Ca 2ϩ -dependent action potential of N myocytes) and less HCN4 mRNA.
Limitations of the Study
Although this study provides clues about the electrophysiological heterogeneity of the AVN, further work is clearly required to match in detail the molecular portrait of the AVN with the electrophysiology. For example, it would be of interest to extend the study to more transcripts and more microdomains (such as compact node or upper and lower nodal myocytes in nodal extension and penetrating bundle). However, the principal technique used, qPCR, measures the average properties of many myocytes in a particular region, and there is evidence that even within 1 region of the AVN there is heterogeneity. For example, 1 of the principal findings of Billette 6 is that although a particular action potential type is primarily encountered in one region, it may also be encountered in other regions, as shown in Figure 8A . Single-cell PCR will be needed to shed light on this level of complexity.
Conclusion
The expression of gap junctions and ion channels at the AV junction is specialized and heterogeneous, but, as expected, it roughly matches the specialized and heterogeneous electrophysiology of the AV junction.
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